Despite substantial efforts to explain the mechanisms involved, the incidence of preterm birth is on the rise. For example, in the United States, the incidence increased from 9.5% in 1981 to 12 .7% in 2005. 1 Consequently, it is important to identify factors that may contribute to preterm birth, particularly those factors that are preventable.
Maternal risk factors for preterm birth include a previous preterm delivery, black race, low socioeconomic status, poor nutrition or becoming pregnant soon after a previous delivery. 1 Risk factors for preterm birth during gestation include multiple-gestation pregnancy and an intrauterine infection that triggers an inflammatory re sponse. 1, 3 Endocrine conditions such as diabetes and dysfunction of the thyroid have also been associated with preterm birth, sometimes linked to preterm premature rupture of the membranes. 4, 5 The trace mineral selenium, available from food (though to a greater or lesser extent according to region), can interact with a number of these risk factors. [6] [7] [8] [9] It has been implicated in pregnancy outcome, [9] [10] [11] [12] and it plays a role in the immune response and the body's resistance to infection. 6 Enzymes containing the mineral, selenoenzymes, can attenuate the excessive Methods: White Dutch women with a singleton pregnancy (n = 1197) were followed prospectively from 12 weeks' gestation. Women with thyroid disease or type 1 diabetes were excluded. At delivery, 1129 women had complete birth-outcome data. Serum concentrations of selenium were measured during the 12th week of pregnancy. Deliveries were classified as preterm or term, and preterm births were subcategorized as iatrogenic, spontaneous or the result of premature rupture of the membranes.
Results:
Of the 60 women (5.3%) who had a preterm birth, 21 had premature rupture of the membranes and 13 had preeclampsia. The serum selenium concentration at 12 weeks' gestation was significantly lower among women who had a preterm birth than among those who delivered at term (mean 0.96 [standard deviation (SD) 0.14] µmol/L v. 1.02 [SD 0.13] µmol/L; t = 2.9, p = 0.001). Women were grouped by quartile of serum selenium concentration at 12 weeks' gestation. The number of women who had a preterm birth significantly differed by quartile (χ 2 = 8.01, 3 degrees of freedom], p < 0.05). Women in the lowest quartile of serum selenium had twice the risk of preterm birth as women in the upper three quartiles, even after adjustment for the occurrence of preeclampsia (adjusted odds ratio 2.18, 95% confidence interval 1.25-3.77).
inflammatory response associated with adverse pregnancy outcomes, downregulating the expression of pro -inflammatory genes. [6] [7] [8] A polymorphism in the gene encoding the selenoprotein SEPS1 has been shown to affect the risk of preeclampsia, a condition that has a strong inflammatory component that is an important cause of preterm birth. 8 In addition, low selenium status has been identified in women with preeclampsia. 12 We hypothesized that low maternal selenium status (as measured by low serum selenium concentration early in gestation would be associated with preterm birth. Previous small studies have compared plasma selenium and plasma/ erythrocyte glutathione peroxidase in mothers and their babies during both term and preterm deliveries. Although lower values have often been found in mothers who had their babies preterm than in mothers who had their babies at term, the findings were inconsistent. [13] [14] [15] We did a prospective study to assess selenium status in a large cohort of pregnant women who were followed from early gestation to delivery.
Methods

Participants and samples
The study was done in the city of Eindhoven, the Netherlands. Residents of the Netherlands are known to have relatively low selenium status. 16 Over a period of two years, we identified 1702 women who could potentially participate in the study. To avoid language barriers and possible confounding by ethnicity, only white Dutch women (n = 1507) were included in the study, and 79% of them (n = 1197) gave their consent. The nonrespondents did not significantly differ from the respondents in terms of age, parity or level of education (data not shown). Women with known thyroid disease (n = 21) or type 1 diabetes (n = 5), women who had become pregnant after hormonal stimulation (n = 8) and women with a multiple-gestation pregnancy (n = 8) were excluded from the study. A total of 1155 eligible women were followed throughout their pregnancies.
Blood samples were drawn at 12 weeks' gestation. Demographic data (age, income, marital status and level of education), lifestyle characteristics (smoking status, consumption of alcohol and body mass index) and previous obstetric history were recorded. Complete data were missing for 26 women, so data for 1129 women were used in the analysis.
This study was approved by the Medical Ethics Committee of Máxima Medical Centre in Eindhoven -Veldhoven.
Outcomes
Gestational age was assessed by calculating from the date of the last menstrual cycle and from an ultrasound scan during what was presumed to be the 12th week of pregnancy. If a discrepancy of more than seven days was seen between these two measurements, a second ultrasound scan was done within two weeks to reassess gestational age. Preterm birth was defined according to the World Health Organization (WHO) definition (birth before 37 weeks' gestation). Preterm births were subcategorized as follows:
1 iatrogenic, or delivery for maternal or fetal indications (e.g., preeclampsia or intrauterine growth restriction), in which labour was induced or the infant was delivered by prelabour cesarean section; idiopathic, or spontaneous preterm labor with intact membranes; and preterm premature rupture of the membranes with either a vaginal or a cesarean birth.
Serum concentrations of selenium were measured at 12 weeks' gestation by mass spectrometry with inductively coupled plasma using an Elan 6100 Dynamic Reaction Cell Plus (PerkinElmer, Waltham, Massachusetts). The amount of selenium 78 was measured using methane gas (0.5 mL/min) in the dynamic reaction cell to remove the argon dimer from the background. Butanol was used to increase the sensitivity of the signal. 17 The within-run coefficient of variation was 2.1%-2.6% and the between-run coefficient of variation was 3.1%-5.6% (n = 10). Accuracy was assured by analyzing four samples of serum from the Trace Elements External Quality Assessment Scheme (University of Surrey, Guildford, Surrey, UK) and the following certified reference materials: Seronorm Serum JL4409 (Nycomed, Norway), which had a mean concentration of 0.90 (stan- 
Statistical analysis
The normal distribution of the concentrations of selenium was confirmed with the KolmogorovSmirnov test (Z = 1.13, p = 0.16).
To evaluate whether preterm birth was related to maternal selenium status, we used a t test to compare the mean selenium concentrations between the term and preterm groups. When we examined the effect of different cut-offs for selenium concentration on the percentage of preterm births, significant effects up to the 25th percentile could be seen. We therefore divided the women into quartiles according to serum selenium concentration. We did a series of univariable logistic regression analyses with overall preterm birth as the dependent variable and selenium concentration at 12 weeks' gestation as the independent variable. Finally, adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for selenium in relation to preterm birth by entering several risk factors into multiple logistic regression analyses. These risk factors included demographic characteristics (age, income, marital status and level of education), life-style factors (smoking status, consumption of alcohol and body mass index) and obstetric history (previous miscarriage, parity and diastolic pressure > 90 mm Hg at 12 weeks). 1, 18, 19 To investigate the effect of selenium on preterm birth independent of the occurrence of preeclampsia, preeclampsia was entered into the regression model as a covariate.
Results
Of the 1129 women, 60 (5.3%) had preterm births, 50 of which occurred between 33 and 37 weeks' gestation and 10 of which occurred before 33 weeks' gestation.
The demographic and lifestyle characteristics, obstetric histories and birth outcomes of the women who participated in the study are shown in Table 1 . Significantly more primiparous than multiparous women had a preterm birth. Moreover, preterm birth occurred significantly more often among women who had preeclampsia. The mean serum selenium concentration was 1.01 (SD 0.13) µmol/L for the group as a whole, 1.02 (SD 0.13) µmol/L for the 1069 women with a term delivery and 0.96 (SD 0.14) µmol/L for the 60 women with a preterm delivery (two-tailed t = 2.9, p = 0.003). Women were grouped into quartiles using serum selenium concentration at 12 weeks' gestation: quartile 1 < 0.92 µmol/L (n = 288); quartile 2 = 0.92-1.01 µmol/L (n = 280); quartile 3 = 1.02-1.10 µmol/L (n = 283); and quartile 4 > 1.10 µmol/L (n = 278). The proportion of women who delivered prematurely differed significantly by quartile, with corresponding percentages of 8.3%, 5.4%, 3.8% and 3.5% (χ 2 = 8.0, 3 degrees of freedom [df], p = 0.04). Table 2 shows the different subcategories of preterm birth with the corresponding mean gestational age at delivery and the mean selenium concentration at 12 weeks' gestation. Preterm premature rupture of the membranes was the largest sub category and accounted for 35% of the preterm births. There were 24 preterm births (8.3%) among the 288 women in the lowest quartile of serum selenium. There were 36 preterm births among the 841 women (4.3%) in the upper three quartiles of serum selenium (χ 2 = 7.0, 1 df, p = 0.008).
The results of several single logistic regression analyses that related overall risk of preterm birth to selenium status showed that women in the lowest quartile of serum selenium at 12 weeks' gestation had twice the risk of preterm birth as the women in the higher quartiles (OR 2.0, 95% CI 1.19-3.47).
In the multivariable logistic regression analysis, a low serum selenium concentration was independently re lated to preterm birth (OR 2.18, 95% CI 1.25-3.77), as were primiparity (OR 2.99, 95% CI 1.59-5.62) and preeclampsia (OR 3.19, 95% CI 1.47-6.91) ( Table 3 ).
Interpretation
The overall incidence of preterm birth in our study (5.3%) is consistent with the rates reported in the literature. 1 Of the demographic, obstetric and lifestyle characteristics that have been previously associated with increased odds of preterm birth, 1, 18, 19 only primiparity showed a significant association in our study. Because only a few women in our study smoked or consumed more than two units of alcohol each week, it is not surprising that these factors were not significant in our analysis. Body mass index was not significantly related to preterm birth. This may have been because the women in our sample had a relatively favourable mean body mass index of 25 (SD 4.7) kg/m 2 . Other independent factors that have previously been associated with preterm birth, such as non-white race, type 1 diabetes and multiple-gestation pregnancy, were exclusion criteria in our study.
In addition to primiparity, having preeclampsia and being in the lowest quartile of selenium concentration at 12 weeks' gestation were significantly associated with increased odds of preterm birth.
Although previous studies have linked low concentrations of selenium and the selenoproteins, glutathione peroxidase and thioredoxin reductase, in the plasma and placenta to gestational hypertension or preeclampsia, 12,20-23 both of which are conditions associated with preterm birth, 1 we found that selenium status during early gestation in healthy pregnant women was related to preterm birth and that this association was independent of the mother having preeclampsia.
Previous studies have shown that the Dutch population is marginally deficient in selenium. 16 Comparably low concentrations are also found in the United Kingdom. 12 The reported daily intake of selenium in the Netherlands (58.7 µg) is probably inadequate for the synthesis of selenoprotein P, 16 the carrier of selenium in the plasma. 24 Selenium (likely in the form of selenoproteins or seleno enzymes) is involved in several pathways that have been implicated in preterm birth, in preterm premature rupture of the membranes and in preeclampsia. These pathways include the body's response to infection, the inflammatory response, placentation, placental ischemia -reperfusion, oxidative stress, the generation of antithyroid antibodies and premature degradation of the extracellular matrix of fetal membranes. 1, 3, 5, 25 Selenium is required for the body's immune response, 6 so low concentrations in either the mother or the fetus can increase the risk of infection, a major cause of preterm birth. Note: PPROM = preterm premature rupture of the membranes, SD = standard deviation.
tion may be an underlying factor in many of the pathways implicated in preterm birth. Genetic polymorphisms that lead to an increase in the magnitude or duration of the inflammatory response have been associated with an increased risk of preterm birth, whereas those that lead to a decrease in the inflammatory response have been associated with lower risk. 26 Previous studies have described the various roles that selenium plays in attenuating the excessive inflammatory response associated with adverse pregnancy outcomes. 7, 8, [27] [28] [29] [30] [31] [32] The selenoprotein, thioredoxin reductase, contributes to the upregulation of heme oxygenase -1 during inflammation and periods of oxidative stress. [33] [34] [35] [36] Heme oxygenase-1 and its products (carbon monoxide, biliverdin and ferrous ions [Fe 2+ ]) are vitally important for successful placentation, maintenance of uterine quiescence, regulation of hemodynamic control within the uterus and placenta, protection against ischemiareperfusion injury, protection against pre eclampsia, regulation of the apoptotic and inflammatory cascades in trophoblast cells and for increased vasodilatory (carbon monoxide), anti -inflammatory (bilirubin and carbon monoxide), and antioxidant (biliverdin and bilirubin) effects. [37] [38] [39] In addition, selenoenzymes, such as the glutathione peroxidases, are able to reduce the oxidative stress resulting both from the underdev el op ment of the uteroplacental circulation and from placental ischemia-reperfusion by converting lipid hydroperoxides to harmless alcohols while selenoprotein P scavenges peroxy nitrite. 31 Selenium species have also been shown to decrease the ratio of matrix metalloproteinases to tissue inhibitors of the matrix metallo pro teinases. 40 This ability may potentially reduce the risk of fetal membrane rupture, which is one of the features associated with preterm birth.
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Limitations
The strengths of our study are its prospective design and careful recording of obstetric complications by a single researcher who was blind to the selenium status of the participants. Unfortunately, no data were available on whether the women had cervicovaginal or intrauterine infections during pregnancy, both of which are important determinants of preterm premature rupture of the membranes. The mean term of women with preterm premature rupture of the membranes in our study was relatively long, but infection is generally believed to be an important cause of very preterm birth. 41 Our data are most relevant to women with a relatively low selenium status. Once the serum concentration of selenium surpasses a range of 1.02-1.10 µmol/L, its effect on the odds of preterm birth appears to be attenuated.
We did not consider other variables such as a previous history of preterm birth or a recent delivery. Had we included those variables, we would have had to do a separate analysis for multiparous women, which would have given us only 17 preterm births and little statistical power.
We were further limited by only having enough funding to measure the selenium concentration at a single point during pregnancy. We were unable to measure plasma concentrations of glutathione peroxidase, selenoprotein P or heme oxygenase for financial reasons. However, several studies have shown that, in healthy pregnant women, plasma concentrations of selenium decrease linearly as pregnancy progresses, so measurement at 12 weeks' gestation is likely to be a good representation of subsequent values. 13 We chose to measure selenium during early gestation to increase our chances of seeing any early involvement of selenium in the cause of preterm birth or another adverse outcome. Measurements at a later stage of pregnancy could be confounded by the adverse outcome itself (e.g., a lack of expansion of plasma volume could show up as a higher selenium concentration). 42 Although we have shown that preterm birth was significantly associated with low selenium status at 12 weeks' gestation and have postulated credible mechanisms as to the reason for this association, we have not shown that a low selenium status is the cause of preterm birth. The association between selenium and preterm birth may be driven by inflammation. The plasma con- centration of selenium decreases in proportion to the magnitude of the inflammatory response, whereas the concentration of selenoprotein P in the plasma declines as inflammatory activity and cytokine production in crease. 43 In the presence of inflammation or infection, this phenomenon may occur as early as 12 weeks' gestation in women who will subsequently have difficulties during their pregnancies that could result in preterm birth. A small randomized controlled trial in Iran showed a significant reduction in the incidence of premature rupture of the membranes with supplementation of selenium. 11 Those results suggest that the link between se lenium status and preterm birth we have observed in our study may be more than just an association.
Conclusion
This study shows that low serum selenium concentration during early gestation is associated with preterm birth and may be linked to preterm premature rupture of the membranes.
Future studies should include measurement of selenoenzymes and heme oxygenase-1 to help clarify the mechanisms involved in preterm birth. Further research in this area is warranted because there may be implications for prevention and treatment, particularly in areas such as Europe where selenium status is relatively low.
